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INTRODUCTION
The reaction center of photosystem II (PSII) is composed of a D1/D2 heterodimer, harboring the chlorophyll a (Chla) pair P D1 /P D2 , the accessory Chla Chl D1 /Chl D2 , two pheophytin a Pheo D1 /Pheo D2 , two quinones, and two additional Chla Chl Z(D1) /Chl Z(D2) molecules as redox active cofactors. P680, which absorbs light at a wavelength of 680 nm, is formed among these Chla molecules. Excitation of made describing a large population specifically consisting of P D1
•+ in Refs. [32, 33] , it was reasonable to assume the presence of this population from Ref.
[24]). Thus, Schlodder et al. proposed that P D1 /P D2 is a Chla/Chld heterodimer [31, 34] . In addition, Cser et al. [35] concluded that the measured E m (Pheo D1 ) value in the A. marina PSII was the same as that in Chla type PSII and proposed that Chla was involved in the primary donor of the A. marina PSII. To unambiguously confirm this, however, one must clarify how the P D1 /P D2 moiety of the A. marina PSII is able to discriminate between the minor species Chla and the major species Chld and specifically uptake a Chla molecule at the P D1 position.
On the other hand, Tomo et al. proposed that P D1 /P D2 is a Chld/Chld homodimer [36, 37] . An advantage of the Chld/Chld homodimer model is that Chld is the major species in the A. marina PSII, and thus, this model does not have to rationalize the specificity of Chla at P D1 . In contrast to the results by Cser et al. [35] , Tomo et al. [36] or Allakhverdiev et al. [38] observed that E m (Pheo D1 ) in the A.
marina PSII was by ~80 mV higher than in the Synechocystis PCC 6803 PSII. Interestingly, the experimentally measured E m value for Chld in DMF is ~70 mV higher than that of Chla [39] . The essentially same shift as observed in the E m (Pheo D1 ) difference between the two PSII proteins suggests the energetic conservation of light-induced charge separation and water oxidation among PSII species including the Chld-containing P D1 /P D2 pair, preferring the Chld/Chld homodimer model over the Chla/Chld heterodimer model [38] . To support the Chld/Chld homodimer model, the researchers also presented light-induced Fourier transform infrared (FTIR) spectra of both the A. marina PSII and the Synechocystis PCC 6803 PSII [36] . The 1100-1800 cm -1 region of the A. marina PSII clearly indicates that approximately 80% of the cationic state was localized on a single Chl. Based on the high similarity of the D1/D2 protein sequences between the A. marina PSII and, for instance, the T. elongatus PSII ( Figure S1 , supporting information), the cationic state is likely to be more populated on P D1 than P D2 .
Thus, one can conclude that the P D1 41]), making it difficult to assess and adding to the debate on P D1 /P D2 Chl models in the A. marina PSII.
All of these debates ultimately arise from the lack of structural information for the A. marina PSII.
The exact molecular geometry surrounding the P D1 /P D2 Chl in the A. marina PSII remains unknown due to the lack of a crystal structure. Since the A. marina PSII possesses a high degree of D1 and D2 protein sequence similarity to the T. vulcanus PSII or the T. elongatus PSII ( Figure S1 , supporting information), we investigated the relationship between a possible Chl pair at the P D1 /P D2 position (i.e., Chld/Chld, Chla/Chld, and Chld/Chla) and the cationic state charge distribution over the P D1 /P D2 pair, using the T.
vulcanus PSII crystal structure analyzed at a 1.9-Å resolution [42] . To calculate the P D1
•+ /P D2 •+ ratio for the P D1 /P D2 Chl dimer, we used a large-scale quantum mechanical/molecular mechanical (QM/MM) approach, with the explicit treatment of the complete PSII atomic coordinates, defining the P D1 /P D2 dimer as the QM region and the remaining protein subunits-cofactors as the MM region. Thus, the entire P D1 /P D2 molecule is considered quantumchemically in the presence of the PSII electrostatic protein environment.
To avoid an uncertain prediction of the protein structure, we used the original protein atomic coordinates of the T. vulcanus PSII crystal structure [42] , without performing homology modeling for the A. marina PSII. The present results should be interpreted within this limiting condition.
Nevertheless, the present procedure is currently the best option for investigating this phenomenon in the absence of high-resolution crystal structures of the A. marina PSII. Although the identity of the amino acid sequence of the D1 protein, e.g., the region at 191 to 210 near the axial ligand of P D1 (i.e., D1- Chl D1 and Chl D2 in the QM region. Nevertheless, to the best of our knowledge, this is the first study that clearly demonstrates the cationic charge distribution and spin density distribution over all possible combinations of Chld and/or Chla pairs at the P D1 /P D2 position in the PSII protein environment.
METHODS
As demonstrated in the previous article [24, 25], we employed the following systematic modeling procedure: We constructed a realistic molecular model of the whole PSII complex using the resent highresolution crystal structure. To obtain deeper insight into the electronic structure of P D1 /P D2 Chl dimer, which is the key molecule of the photosystem II reaction center, we performed large-scale QM/MM calculations for the entire PSII complex. Technical details of each modeling procedure are identical to those used in previous studies on PSII [24] and PSI [25] and summarized as follows.
Coordinates.
The atomic coordinates of PSII were taken from the X-ray structure of the PSII complexes from T. vulcanus at 1.9 Å resolution (PDB ID: 3ARC) [42] . Hydrogen atoms were generated and energetically optimized with CHARMM [44], whereas the positions of all non-hydrogen atoms were fixed, and all titratable groups were kept in their standard protonation states, i.e., acidic groups were ionized and basic groups were protonated. For the QM/MM calculations, we added additional counter ions to neutralize the whole system. To avoid unnecessary artifacts of the protein side chain geometry, we used the original protein atomic coordinates of the T. vulcanus PSII crystal structure [42], without performing homology modeling of the A. marina PSII. Accordingly, atomic coordinates of the cofactors expect for the P D1 /P D2 Chl pair were kept as in the original T. vulcanus PSII crystal structure.
Atomic partial charges.
Atomic partial charges of the amino acids were adopted from the allatom CHARMM22 [45] parameter set. The charges of the protonated acidic O atoms were increased symmetrically by +0.5 unit charges to implicitly account for the presence of a proton. Similarly, instead of removing a proton in the deprotonated state, the charges of all of the protons of the basic groups of Arg and Lys were diminished symmetrically by a total unit charge. For residues for which the protonation states were not available in the CHARMM22 parameter set, appropriate charges were computed [46] . For the cofactors (e.g., the OEC cluster, Chla, Pheoa, and quinones), the same atomic charges as in previous computations of PSII [24] were used.
OEC models.
In the S 1 -state, the valences of the 4 Mn atoms are most probably (III, III, IV, IV). Except for a few examples [47] , the spin coupling of the Mn ions has not been considered in a number of studies where the PSII protein environment was explicitly modeled (e.g., recent QM/MM studies on the S1-state model of OEC by Batista, Brudvig, and coworkers [48] ). In particular, (i) our focus is not on the OEC cluster, (ii) the OEC cluster was included in the MM region (see below [24] ), and (iii) the atomic charges of OEC do not differ significantly among the different spin structures [47] .
Thus, the spin coupling was not considered in the present study. (Table S1 , Supporting Information).
RESULTS AND DISCUSSION
3.1. Orientation of the formyl group in Chld. Chld molecules at the P D1 /P D2 position were modeled by replacing the vinyl group of Chla in the T. vulcanus PSII crystal structure with a formyl group. The position of this newly-introduced formyl group of Chld was refined by the constrained QM/MM optimizations in the PSII protein environment as described above. Two orientations of the formyl group were energetically stable; one with the carbonyl O atom being oriented to the C5 H atom (Figure 2a) and another one with the formyl group flipped along the C3-C3 1 axis (Figure 2b ).
The former orientation was slightly (by ~3 kcal/mol) more stable than the latter the monomeric form of Chld in vacuum. In contrast, in the PSII protein environment, the latter orientation was always slightly (by ~3 kcal/mol) more stable than the former in all cases investigated, i.e., the dimeric form (Chla/Chld, Chld/Chla, and Chld/Chld). Hence, the conformer in Figure 2a is advantageous in terms of intramolecular interaction energy (i.e., monomeric Chl itself) because the negative charge of the formyl O atom can be more stabilized by the proximity of the positive charge of the C5 H atom. On the other hand, in the P D1 /P D2 pair, the conformer in Figure 2b appears to be slightly advantageous in terms of the intermolecular energy (i.e., interaction with another Chl. We will not focus on elucidation of further details in the present study.). Thus, we focused on the latter orientation of the Chld formyl group (Figure 2a ) to investigate the cationic state distribution over the P D1 /P D2 pair in the PSII protein environment.
The formyl groups of P D1 and P D2 were located at a van der Waals distance (~3.5 Å) from D1-Met183/D2-Leu182 and D1-Phe206/D2-Leu206 in the geometry of the T. vulcanus PSII (Table S1 , supporting information). These residue pairs correspond to Met/Leu and Leu/Leu in the D1/D2 protein sequences of the A. marina PSII, respectively ( Figure S1 , supporting information). Although it has been reported that the presence of an H bond partner for Chl affects the distribution of the cationic (spin) state over the Chl pair (e.g., in PSI [25, 50] ), the present analysis suggests that the formyl groups will not possess H-bond partners in the A. marina PSII.
P D1
•+ /P D2 •+ ratio. •+ /P D2 •+ ratio for the Chld/Chld pair in the present study (Table 1) . However, the observed cationic state localization on a single Chla that was attributed to P D1 in studies by Schlodder et al.
[31] also agrees with our calculated P D1
•+ /P D2 •+ ratio for the Chla/Chld pair (Table 1) . These subtle differences in the P D1
•+ /P D2 •+ ratios between the Chld/Chld pair and the Chla/Chld pair still make it difficult to determine the configuration of the relevant Chl pair in the A. marina PSII.
CONCLUSIONS P D1
•+ /P D2 •+ ratios for the Chld/Chld pair or the Chla/Chld pair in the T. vulcanus PSII environment were calculated to be 76.5/23.5 or 85.1/14.9, respectively, rendering a large P D1
•+ population relative to the P D2 •+ population. On the other hand, the Chld/Chla pair resulted in a symmetrically charged population over the two P D1 and P D2 monomers (56.7/43.3). The present results strongly suggest that the Chld/Chla pair is unlikely to serve as P D1 /P D2 in A. marina PSII. Further detailed studies, preferably on crystal structures of the A. marina PSII are required to unambiguously confirm the P D1 /P D2 pair to be either Chld/Chld or Chla/Chld. 
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